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Identification and classification
In late 1970s, 16S rRNA gene sequences were adopted for phylogenetic analyses, and Archaea was classified as the third domain of life by Carl Woese and his colleagues [1]. Archaea is a diverse group of microorganisms widely distributed in extreme habitats, such as hot springs for the phylum Crenarchaeota and salt lakes for the phylum Euryarchaeota. The phylum Euryarchaeota includes eight classes: Methanobacteria, Methanococci, Methanomicrobia, Halobacteria, Thermoplasmata, Thermococci, Archaeoglobi, and Methanopyri. The distinctive features of the Methanococci include rapid growth in both mesophilic and thermophilic temperatures, proteinaceous S-layer as the cell envelope, and a nutritional requirement for selenium. The Methanococci include a single order Methanococcales, which includes methanogens characterized by a coccoid shape and the presence of glycolipids and polar lipids in varying compositions [2]. The order Methanococcales is composed of two families: Methanococcaceae and Methanocaldococcaceae. They differ in 12% 16S rRNA sequences and growth temperatures [3]. Methanococcaceae are extremely thermophilic or mesophilic, while Methanocaldococcaceae are all hyperthermophilic. The family Methanococcaceae is further subdivided into two genera, namely Methanococcus and Methanothermococcus based on their different optimum growth temperatures. The core lipid of Methanococcus is mainly archaeol and hydroxyarchaeol, while caldarchaeol is additionally present in Methanothermococcus [4]. The most abundant polyamine is spermidine in Methanococcus and Methanothermococcus. The genus Methanococcus is subdivided into four species, M. aeolicus, M. maripaludis, M. vannielii, and M. voltae, based on 16S rRNA sequences, DNA relatedness, cellular protein patterns, and phenotypic methods [5]. The detailed characteristics of each species have been described previously [3]. M. maripaludis species have five sequenced strains: M. maripaludis S2, M. maripaludis C5, M. maripaludis C6, M. maripaludis C7, and M. maripaludis X1, which were classified based on their 54-69% DNA relatedness and 99.2% sequence similarity with 16S rRNA sequences [5].
Growth media, culture conditions, and storage
M. maripaludis is a routinely cultured hydrogenotrophic methanogen. It can grow anaerobically on minimal medium (McN), complex medium (McC), and minimal medium plus sodium acetate (McNA) [6]. Plate colonization of M. maripaludis on solidified agar medium with 50-100% plating efficiency and maximum colony size was achieved by optimizing the inoculation method, H2S concentration, and agar moisture content [7]. The preferred carbon and energy source is CO2-H2 (20:80 v/v) at a pressure of about 275 . In the absence of H2, formate can serve as the sole carbon and energy source in the presence of N2-CO2 (80:20 v/v) [8, 9]. However, excess of either H2 or formate decreases the ratio of growth yield to methane significantly [10].
Amino acids and vitamins may affect [11] the growth rate and cell yield (mg dry cell weight/ml) of methanococci. Some of the facultative autotrophic strains, such as Strain D1, Strain C5, Strain C9, and Strain C14, assimilated large amounts of amino acids, but the growths of M. vannielli and M. aeolicus were unaffected. The growth of M. maripaludis was moderately stimulated, possibly because M. maripaludis was capable of utilizing alanine as the sole nitrogen source in the absence of other nitrogen sources, while M. vannielli and M. aeolicus could not use alanine as the sole nitrogen source. Although exogenous amino acids can substitute for 40-60% of the total cell carbon by some autotrophic methanococci, they were not the major nitrogen sources and were not extensively metabolized. The growth of 16 autotrophic isolates, such as M. maripaludis, M. vannielii, M. deltae, and M. aeolicus, remained unaffected by the mixture of water soluble vitamins [11]. Pantothenate was the only vitamin that stimulated the growth of M. voltae [12].
Long-term storage of M. maripaludis cultures in glycerol stock solutions has been reported [6]. Cultures were grown to the early stationary phase, concentrated by centrifugation, and cell pellets were resuspended in media containing 25% glycerol and then stored at 70°C. The addition of glycerol stabilizes frozen microorganisms, prevents damage to cell membranes, and keeps the cell alive for many years.
AMINO ACID METABOLISM
M. maripaludis is an autotrophic organism that synthesizes all amino acids required for its growth. Sequence comparisons of archaebacterial genes suggest that amino acid biosynthetic enzymes in Archaea share a common ancestry with those in Eubacteria and Eukarya [13]. For instance, the enzymes of branched-chain amino acids (BCAAs) characterized in three methanococci (M. aeolicus, M. maripaludis, M. voltae) were found to be functionally homologous to eubacterial and eukaryotic enzymes with respect to molecular weight, optimum pH, and kinetic properties [13]. Usually, 22 amino acids are required for protein synthesis. 20 amino acids are encoded by the universal genetic codes and the remaining two (selenocysteine and pyrrolysine) are incorporated by unique mechanisms. The 20 amino acids are classified into six groups based on their structures and chemical characteristics of the R group.
In Methanococcus spp., the biosynthesis of BCAAs (valine, isoleucine, and leucine) was demonstrated via enzymatic assays [13]. Except M. voltae that requires leucine, isoleucine, and acetate for its growth, most species grow autotrophically and possess all the genes and enzymes required for growth. Four enzymes (acetohydroxy acid synthase, acetohydroxy acid isomeroreductase, dihydroxy acid dehydratase, and transaminase B) are required for the syntheses of valine and isoleucine, where 2-ketoisovalerate, an intermediate in valine biosynthesis, acts as a precursor for leucine biosynthesis [13].
The synthesis of alanine occurs from pyruvate via alanine dehydrogenase [14]. Alanine can also serves as the sole nitrogen source during growth [15].
Usually, glycine is synthesized from L-serine via serine hydroxymethyltransferases. M. thermoautotrophicus showed the presence of serine hydroxymethyltransferases in the genome [16], but no homologue for this enzyme is present in M. maripaludis. Further studies are required to discover the glycine biosynthesis route in methanococci.
The established route of proline biosynthesis involves glutamic acid to proline conversion, but three enzymes of this pathway are absent in most Archaea [17]. Graupner et al. [18] demonstrated the synthesis of proline in M. jannaschii from cyclization of ornithine via ornithine cyclodeaminase, while no such enzyme has been characterized in M. maripaludis, which suggests a possibility of alternate routes. 
The biosynthesis of AroAAs (phenylalanine, tyrosine, and tryptophan) is well understood in methanococci. Chorismate acts as the branch point for phenylalanine, tyrosine, and tryptophan synthesis. Unlike Bacteria, E4P is not a precursor for chorismate in M. maripaludis and an alternate route has been proposed based on the presence of dehydroquinate dehydratase [19]. In this pathway, chorismate is synthesized from 3-dehydroquinate (DHQ) via shikimate pathway. For DHQ synthesis, M. maripaludis uses 6-deoxy-5-ketofructose 1-phosphate (DKFP), synthesized after the condensation of methylglyoxal and fructose-1,6-bisphosphate, and L-aspartate-semialdehyde to form 2-amino-3,7-dideoxy-D-threo-hept-6-ulosonate (ADTH), which cyclizes to DHQ [20]. DHQ is not only the precursor for chorismate synthesis, but also acts as a precursor for p-aminobenzoic acid (PABA) synthesis. PABA is an intermediate in M. maripaludis during the synthesis of tetrahydromethanopterin, one of the cofactors. [20]. Two biosynthetic routes for the production of AroAAs from chorismate in M. maripaludis were proposed previously [21]. To confirm the presence of de novo pathway, deletion strains of MMP1394 encoding 3-dehydroquinate dehydratase were constructed and the mutants were auxotrophic for all three AroAAs and no DHQ activity was detected. To evaluate aryl acid dependent pathway, acids were supplemented to the medium to fulfill the requirements of AroAAs in M. maripaludis.
Whole genome sequencing studies on M. maripaludis provide information on enzymes / ORFs participating in amino acid biosynthesis. The results indicate that all genes required for the biosynthesis of histidine (hisA, B, C, D, E, F, G, H, I) were present in M. maripaludis except hisJ that encodes for histidinol phosphate phosphatase [18]. Fondi et al. [22] further evaluated the biosynthesis of histidine in Archaea and suggested that his operon might have been assembled multiple times during evolution because his genes scattered throughout the genome. In addition, they showed the existence of hisN gene for histidinol phosphate phosphatase and hisB gene for imidazoleglycerol-phosphate dehydratase catalyzing sixth and eight steps of the histidine biosynthesis, which suggests that different molecular mechanisms in M. maripaludis may drive piece-wise operon formation for histidine biosynthesis.
Lysine biosynthesis in M. maripaludis occurs via diaminopimelate aminotransferase (DapL) pathway [23]. A mutant of dapL homolog in M. maripaludis resulted in lysine auxotrophy and suggested that dapL is essential for lysine biosynthesis. 
The specific activities of arginine biosynthetic enzymes in methanogenic Archaea was reported by Meile et al. [24]. They also mentioned that although biosynthesis sequences were similar in all microbes, differences existed in reaction steps and regulations of this pathway. Arginine biosynthesis and associated genes / enzymes are well characterized in M. maripaludis [18]. The functional conservation of argininosuccinate lyase encoded by argH (catalyze final step in arginine biosynthesis pathway) between M. maripaludis and the corresponding Bacteria and Eukarya was demonstrated [25].
Glutamate is synthesized in M. maripaludis via glutamate synthase [26]. Aspartate is synthesized by aspartate aminotransferase and asparagine glutamine-hydrolyzing asparagine synthase (asnB). 14C labeling studies on M. barkeri and other Archaea showed that synthesis of alanine, aspartate, and glutamate occurred from pyruvate, oxaloacetate, and α-ketoglutarate respectively [27]. 
13C labeling of serine was consistent with its synthesis from pyruvate via 3- phosphoglycerate. M. maripaludis contained serA and serB, but not a homolog for serC [18]. Similarly, a homolog for glycine hydroxymethyltransferase encoded by glyA is absent for synthesis of glycine from serine. 
Stathopoulos et al. [28] challenged the notion that all 20 aminoacyl-tRNA synthetases are essential for the viability of a cell. They knocked out cysS gene encoding cysteinyl-tRNA synthetase (CysRS) from M. maripaludis and showed that pure M. maripaludis prolyl-tRNA synthetase (ProRS) can form cysteinyl-tRNA (Cys-tRNA), implying dual-specificity of enzyme for the loss of CysRS. The report by Stathopoulos et al. [28] was incorrect. While ProRS has low levels of CysRS activity, it is not physiologically significant.  Sauerwald et al. [29] demonstrated this by observing that CysRS mutants could not incorporate exogenous cysteine into cellular protein. The tRNA-dependent cysteine biosynthesis pathway in M. maripaludis is well established and occurs in two steps: First, O-phosphoseryl-tRNA ligase (SepRS) aminoacylates uncharged Cys-tRNA with 3-phospho-L-serine (Sep) to form O-phosphoseryl-tRNA (Sep-tRNA). Second, Sep-tRNA:Cys-tRNA synthase (SepCysS) transforms Sep to cysteine [29]. Zhang et al. [30] showed that these two enzymes (SepRS and SepCysS) form a stable binary complex and promote the conversion of intermediate Sep-tRNA to cysteinyl-tRNA by sequestering the binding of the intermediate to elongation factor EF-1α or infiltrating into the ribosome.
Methionine biosynthesis in M. maripaludis is unclear. Only one ORF, MMP0401, has been identified in M. maripaludis via sequencing studies [18] which indicates the synthesis of methionine from homocysteine. The presence of cystathionine β-lyase (metC) in M. maripaludis indicates the possibility that M. maripaludis synthesizes homocysteine (the intermediate precursor of methionine) either by transsulfuration route with cystathione or via direct sulfhydrylation of O-acetylhomoserine [23]. Such gaps in the literature need further investigation of existing routes or novel biosynthetic routes.
Selenocysteine is the selenium containing 21st amino acid that is co-translationally incorporated into proteins, which are known as selenoproteins. The amino acid is coded by UGA, which is normally a termination codon during protein synthesis. Only 20% of Bacteria and 10% of Archaea (Methanococcus, Methanocaldococcus, and Methanopyrus spp.) were found to have machinery for Sec insertion. In Eukarya, sec insertion machinery is common in lower organisms, such as green algae and moulds [31]. Yuan et al. proposed tRNASec-dependent conversion of O-phosphoserine (Sep) to selenocysteine in Eukarya and Archaea [32]. Genetic analysis of selenocysteine biosynthesis in M. maripaludis is reported in the literature [33-35] 
Pyrrolysine is the 22nd natural amino acid and is a lysine derivative encoded by UAG. It is used by methanogenic Archaea and was discovered in 2002 at the active site of methylamine methyltransferase in M. barkeri [36]. pylT gene, whose tRNA product has CUA anticodon, translates to UAG codon as pyrrolysine in some methanogens. The presence of pyrrolysine in M. maripaludis is not established, although it has been mentioned in non-pyl-utilizing Archaea in the literature [37].
NUCLEOTIDE METABOLISM
Nucleotides include purines (adenine and guanine) and pyrimidines (thymine and cytosine). In RNA, adenine base pairs with uracil instead of thymine. The purine and pyrimidine biosynthesis in M. maripaludis is very well understood and sequencing study showed the presence of related genes involved in biosynthesis of purines and pyrimidines [18]. 5-phospho-α-D-ribose 1-diphosphate (PRPP) is synthesized from ribose-5-phosphate with the help of PRPP synthetase and combines with glutamine to form 5-phosphoribosylamine, which goes through a series of reactions and forms inosinic acid (IMP). IMP acts as the branch point for adenosine monophosphate (AMP) and guanosine monophosphate (GMP) biosynthesis in the pathway. AMP is synthesized from IMP and adenylosuccinate and converted to other purine nucleotides, such as adenosine diphosphate (ADP) and adenosine triphosphate (ATP). Similarly, xanthosine 5'-monophosphate (XMP) is synthesized from IMP with NAD+ or NADP+ as acceptors, which is subsequently converted to other purine nucleotides, such as GMP, guanosine diphosphate (GDP), and guanosine triphosphate (GTP). Pyrimidine biosynthesis converts bicarbonate, L- glutamine, ororate, and PRPP, to uridine monophosphate (UMP) for further conversion to uridine triphosphate (UTP) and cytidine triphosphate (CTP) for participation in nucleic acid biosynthesis.
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